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INTRODUCTION 

This Annual Report is the fifth of a series describing the results 

of research conducted by the U.S.  Geological Survey on behalf of the 

National Aeronautics and Space Administration. This report, which covers 

the period July 1, 1963 to July 1, 1964, is in three volumes corresponding 

to three main areas of research: Part A, Lunar and Planetary Investi- 

gations; Part By 

Chemistry and Petrology; and a map supplement. An additional volume 

presents in abstract form summaries of the papers in Parts A, B, and C. 

Crater and Solid State Investigations; and Part C y  Cosmic 

The major long-range objectives of the astrogeologic studies program 

are to determine and map the stratigraphy and structure of the Moon's 

crust, to work out from these the sequence of events that led to the 

present condition of the Moon's surface, and to determine the processes 

by which these events took place. Work being carried out that leads toward 

these objectives includes a program of lunar geologic mapping; studies on 

the discrimination of geologic materials on the lunar surface by their 

photometric, polarimetric, and infrared properties; field studies of 

structures of impact, explosive, and volcanic origin; laboratory studies 

on the behavior of rocks and minerals subjected to shock; and study of the 

chemical, petrographic and physical properties of materials of possible 

lunar origin and the development of special techniques for their analysis. 
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P a r t  A :  Lunar and P lane ta ry  Inves t iga t ions  con ta ins  (with t h e  map 

supplement) , t he  pre l iminary  r e s u l t s  of d e t a i l e d  geologic  mapping on a 

1:1,000,000 scale of f i v e  new quadrangles i n  t h e  e q u a t o r i a l  b e l t  of t h e  

Moon. Seve ra l  major s t r a t i g r a p h i c  u n i t s  i n  t h e  Imbrian and pre-Imbrian 

systems are descr ibed  by t h e  authors  who have s tud ied  t h e s e  quadrang,les.  

Four papers d i scuss  problems of o r i g i n  and evo lu t ion  of va r ious  types  of 

craters and f e a t u r e s  a s soc ia t ed  with t h e  craters such as r i l les  and r a y s .  

A s  a p a r t  of t h e  lunar  geologic  i n v e s t i g a t i o n s ,  d e t a i l e d  s t u d i e s  of t he  

i n f r a r e d  emission and r e f l e c t e d  v i s i b l e  r a d i a t i o n  from t h e  Moon a re  i n  

progress ;  a d e s c r i p t i o n  of a systematic  program of photoelectr ic  and photo- 

graphic  photometry and t h e  r e l a t i o n  of t h e  v i s i b l e  lunar  photometric 

func t ion  t o  t h e  i n f r a r e d  emission are  given i n  t h i s  r e p o r t .  

P a r t  B: Crater Inves t iga t ions  con ta ins  t h e  resul ts  of f i e l d  and 

l abora to ry  s t u d i e s  of shock and c r a t e r  phenomenology. 

shock on rock materials forms t h e  s u b j e c t  o f  fou r  r e p o r t s :  (1) t h e  shock 

The e f f e c t  of 

wave syn thes i s  of s t i s h o v i t e ,  (2) t h e  phys ica l  p r o p e r t i e s  of shock-formed 

p lag ioc la se  from a me teo r i t e ,  ( 3 )  some c h a r a c t e r i s t i c s  of n a t u r a l  g l a s s e s  

and high p res su re  phases t h a t  serve as evidence f o r  t h e i r  o r i g i n  by 

me teo r i t e  impact, and (4) t h e  e f f e c t  of shock on t h e  rad iogenic  argon 

content  of g r a n i t e .  One r e p o r t  concerns t h e  shock equat ion  of s t a t e  on 

two rocks from Meteor Crater, Arizona. Two r e p o r t s  d e a l  w i th  experimental  

c r a t e r s :  one i s  concerned wi th  a f i e l d  s tudy of craters formed by m i s s i l e  
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impact and t h e  o the r  wi th  a s tudy of c r a t e r s  formed i n  porous-cohesive 

t a r g e t s  by hyperve loc i ty  p r o j e c t i l e s .  Work on t h r e e  n a t u r a l l y  formed 

c r a t e r s  i s  repor ted .  This includes a new topographic map of Meteor Crater, 

Arizona, made t o  serve  a s  a base for  t he  geologic  work; a geologic  s tudy  

of a me teo r i t e  c r a t e r  and assoc ia ted  rays  of e j e c t a  a t  Henbury, A u s t r a l i a ;  

and f i e l d  and l abora to ry  s t u d i e s  of t h e  Flynn Creek s t r u c t u r e ,  Tennessee.  

P a r t  C:  Cosmic Chemistry and Petrology inc ludes  r e p o r t s  on aero-  

dynamic f e a t u r e s ,  geologic  occurrences,  chemical composition and m e t a l l i c  

spheru les  of t e k t i t e s ,  methods of chemical a n a l y s i s  of t e k t i t e s  and 

o t h e r  e x t r a t e r r e s t r i a l  m a t e r i a l ,  and the  luminescence of achondr i t i c  

m e t e o r i t e s .  

The following r e p o r t s  w e r e  published dur ing  t h e  r epor t ing  per iod 

J u l y  1, 1963 t o  J u l y  1, 1964: 

A n n e l ,  Charles, C u t t i t t a ,  Frank, Chao, E. C. T . ,  and F l e t c h e r ,  J. D . ,  

1964, Minor elements i n  se l ec t ed  Aus t r a l a s i an  t e k t i t e s  [ abs . ] :  

Am. Geophys. Union Trans. ,  v. 45, no. 1, p. 81. 

Chao, E.  C .  T . ,  1963, The petrographic  and chemical c h a r a c t e r i s t i c s  of 

t e k t i t e s ,  & O'Keefe, J.  A . ,  ed . ,  T e k t i t e s :  

P re s s ,  p. 51-94. 

Chicago, Univ. Chicago 

Chao, E. C .  T . ,  Dwornik, E.  J . ,  and L i t t l e r ,  J a n e t ,  1964, New d a t a  on 

t h e  n i cke l - i ron  spheru les  from sou theas t  Asian t e k t i t e s  and t h e i r  

impl ica t ions :  Geochim. e t  Cosmochim. Acta, v.  28, no. 6 ,  p. 971-980. 
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C u t t i t t a ,  Frank, Chao, E .  C .  T . ,  Carron, M. K . ,  and L i t t l e r ,  J a n e t ,  1964, 

Some phys ica l  p r o p e r t i e s  and the major chemical composition of 

s e l e c t e d  Aus t r a l a s i an  t e k t i t e s  Labs.]: 

v .  45,  no. 1, p .  81. 

Am. Geophys. Union Trans . ,  

Gau l t ,  D. E . ,  Hei towit ,  E .  De , and Moore, H. J . ,  1963, Some observa t ions  

of hyperve loc i ty  impacts wi th  porous media: U.  S .  N a t l .  Aeronaut ics  

and Space Adm. TM X-54,009, 35 p .  

G a u l t ,  D .  E , ,  Hei towit ,  E .  D . ,  and Moore, H. J . ,  1964, Some observa t ions  

of hyperve loc i ty  impacts wi th  porous media, 

and Glaser, P. E . ,  e d s . ,  The lunar s u r f a c e  layer - -mater ia l s  and 

c h a r a c t e r i s t i c s :  New York, Academic Press, p. 151-178. 

S a l i s b u r y ,  J .  W .  , 

Lugn, R. V . ,  1964, Photogrammetric mapping of experimental  craters :  

Photogram.  Eng., v .  30, no. 1, p.  55-58.. 

Moore, H.  J . ,  Gau l t ,  D.  E., and Lugn, R. V . ,  1963, Experimental  impact 

craters i n  b a s a l t :  Am. I n s t .  Mining Meta l l .  Eng. T r a n s , ,  v .  226, 

no. 3 ,  p. 258-262. 

Moore, H. J . ,  MacCormack, R. W . ,  and G a u l t ,  D. E . ,  1963, F l u i d  impact 

c r a t e r s  and hypervelocity--High-velocity i m p a c t  experiments i n  

metals and rocks ,  

v e l o c i t y  impact,  Cleveland,  Ohio, A p r i l  30,  May 1, 2 ,  1962: 

Cleveland,  F i r e s t o n e  T i r e  & Rubber Co. , v .  2 ,  p t  2 ,  p.  367-399. 

Proceedings of t he  S i x t h  symposium on hyper- 
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Rose, H. J., Jr., Cuttitta, Frank, Carron, M. K., and Brown, Robena, 1964, 

Semimicro X-ray fluorescence analysis of tektites using 50-milligram 

samples: Art. 157, &I U.S. Geol. Survey Prof, Paper 475-D, p a  D171- 

D173 

Senftle, F. E., and Hoyte, A. F., 1964, Resistivity and viscosity of 

tektites [abs.]: Am. Geophys. Union Trans., v. 45, no. 1, p. 81. 

Senftle, F. E., Thorpe, A. N., and Lewis, R. R., 1964, Magnetic properties 

of nickel-iron spherules in tektites from Isabela, Philippine Islands: 

Jour. Geophys. Research, v. 69, no. 2 ,  p. 317-324. 

Shoemaker, E, M., Gault, D, E., Moore, H. J., and Lugn, R. V,, 1963, Hyper- 

velocity impact of steel into Coconino sandstone: Am. Jour. Sci,, 

v. 261, no. 7, p. 668-682. 

Skinner, B. J., and Fahey, J. J., 1963, Observations on the inversion of 

stishovite to silica glass: Jour. Geophys. Research, v. 68, no. 19, 

p. 5595-5604" 

Taylor, H. P., Jr., Duke, M, B., Silver, L. T., and Epstein, S., 1964, 

Oxygen isotopic studies of minerals in stony meteorites [abs.]: 

Am. Geophys. Union Trans., v.. 45, no. 1, p. 112, 

Thorpe, A, M., and Senftle, F. E., 1964, Submicroscopic spherules and 

color of tektites: Geochim. et Cosmochim. Acta, v .  28, no. 6, p. 981- 

994 0 

Walter, Lo S., and Carron, M. K., 1964, Vapor pressure and vapor fraction- 

ation of silicate melts of tektite composition: Geochim. et Cosmochim. 

Acta, v. 28, no. 6, p .  937-951, 
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Summary of P a r t  A 

Geologic mapping of t h e  Moon a t  a s c a l e  of 1: 1,000,000 forms t h e  base 

f o r  t h e  luna r  i n v e s t i g a t i o n s  of the Geological Survey f o r  t h e  Nat iona l  

Aeronaut ics  and Space Adminis t ra t ion .  

Letronne quadrangles have been published i n  c o l o r  ( f i g .  1). Pre l iminary  

geologic  maps of t h e  following quadrangles were t r ansmi t t ed  t o  NASA pre-  

v i o u s l y :  Copernicus by E .  M. Shoemaker and R .  J .  Hackman, Apennine 

Mountains bv R .  J .  Hackman, Ar is ta rchus  by H .  J .  Moore, Timocharis by 

M. H .  Carr, Riphaeus by R .  E .  Eggleton, Hevelius by J .  F .  McCauley, and 

Mare Humorum by S .  R .  T i t l e y .  Maps accompanying this  r e p o r t  i nc lude  

Ptolemaeus by Harold Masursky, P i t a t u s  by S, R .  T i t l e y ,  Theophilus by D.  J.  

Mi l ton ,  Mare Vaporum by D. E .  Wilhelms, and Grimaldi by J. F. McCauley. 

Mapping is  i n  progress  i n  t h e  Mare Undarum, Langrenus, J u l i u s  Caesar, 

Ta run t ius ,  Mare S e r e n i t a t u s ,  Columbo, Macrobius, Seleucus,  Purbach, A l t a i  

Scarp,  and F r a c a s t o r i u s  quadrangles,  and t h e s e  w i l l  be completed i n  f i s c a l  

year  1965. Although base  maps f o r  Cleomedes, Pe tav ius ,  and Byrgius w i l l  

n o t  be  a v a i l a b l e ,  t he  geology of these quadrangles w i l l  be compiled on 

photographic over lays  

The geologic  maps of t h e  Kepler and 

Maps forwarded t o  d a t e  cover more t han  a m i l l i o n  and a h a l f  square  

m i l e s  o r  fou r  m i l l i o n  square  kilometers.  By t h e  end of  f i s c a l  year  1965, 

t h e  maps of t h e  lunar e q u a t o r i a l  b e l t ,  amounting t o  more than  t h r e e  m i l l i o n  

squa re  m i l e s ,  should be  completed. 

A pre l iminary  geologic  map of t he  Mare Vaporum quadrangle,  which l ies 

w i t h i n  t h e  p e r i p h e r a l  b e l t  of s t r u c t u r e s  r e l a t e d  t o  t h e  Mare Imbrium bas in ,  

has  been completed by D. E .  Wilhelms, Major s t r u c t u r a l  elements w i t h i n  t h e  

6 (page 6a follows) 
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First phase t a r g e t  area Final map publ i shed Preliminary map, t h i s  repor 

0 0 .  m 
Second phase t a r g e t  area Preliminary map prev ious ly  published Mapping i n  progress  

58 
Copernicus 

Modified pre l iminary map ACIC number and name 
of r e g  i o n  

Figure 1 .  Index map of theMoon showing status of g e o l o g i c  
mapping a t  a scale of 1: 1 ,000 ,000 .  
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quadrang.1e---mare depress ions  and terra h ighs - -a re  i n t e r p r e t e d  as sync l ines  

and a n t i c l i n e s ,  which are  roughly concent r ic  w i th  t h e  Mare Imbrium bas in  

and i n  p l aces  are modified by f a u l t s .  Most of t h e  terra area i n  t h e  quad- 

r a n g l e  i s  deformed by troughs and r idges  of t h e  "Imbrian scu lp tu re"  r a d i a l  

t o  t h e  bas in ,  and i s  covered by t h e  F ra  Mauro Formation, which i s  i n t e r p r e t e d  

as ejecta from t h e  Mare Imbrium bas in .  Some of t h e  s t r u c t u r e  p re sen t  may 

have been produced by i n t e r a c t i o n  of deforming f o r c e s  a t  t h e  t i m e  t h e  Mare 

Imbrium b a s i n  w a s  formed on o l d e r  s t r u c t u r e s  r e l a t e d  t o  t h e  bas in  of Mare 

S e r e n i t a t i s .  S t i l l  o the r  s t r u c t u r e s  n o t  obviously r e l a t e d  t o  t h e  Mare Imbrium 

bas in ,  such as t h e  Tr i e snecke r  r i l l e  system, may have been formed by i s o s t a t i c  

readjustment of t h e  lunar  c r u s t  subsequent t o  t h e  Imbrian even t .  P a r t  of 

Hyginus R i l l e  i s  a l igned  w i t h  Imbrian s c u l p t u r e .  

A complex s t r a t i g r a p h i c  sequence has been mapped i n  t h e  terra  of t h e  

wes tern  Theophilus quadrangle by D. J Milton. Crater r i m s  and o t h e r  t e r r a i n  

c u t  by prominent nor thwes t -southeas t  t r end ing  sca rps  (Imbrian s c u l p t u r e )  i s  

be l i eved  t o  be pre-Imbrian.  Te r ra in  with a much f i n e r  gra ined  t e x t u r e  of 

s m a l l  rounded h i l l s  and v a l l e y s  elongated i n  t h e  s a m e  d i r e c t i o n  i s  c o r r e l a t e d  

wi th  t h e  F r a  Mauro Formation of Apenninian age .  This  i s  o v e r l a i n  by a smooth- 

su r faced  plains-forming u n i t  t h a t  p a r t i a l l y  f i l l s  bas ins .  Adjacent h ighe r  

areas wi th  subdued r e l i e f  are probably unde r l a in  by a t h i n n e r  d e p o s i t  of t h e  

same material. Th i s  material i s  t e n t a t i v e l y  considered t o  be  of Apenninian 

age; i t  may, however, be Archimedian. A plateau-forming u n i t  has  a broadly  

r o l l i n g ,  smooth s u r f a c e  wi th  some s t e e p w a l l e d  i r r e g u l a r  dep res s ions .  Th i s  

u n i t ,  i n  c o n t r a s t  t o  t h e  plains-forming u n i t ,  does n o t  tend t o  occupy b a s i n s  
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but  forms broad p l a t eaus  wi th  t h e  underlying r e l i e f  completely concealed. 

The age of t h e  plateau-forming u n i t  i s  u n c e r t a i n ;  i t  may be an age  equiv- 

a l e n t  of t h e  plains-forming u n i t .  

Pre l iminary  geologic  mapping of  t h e  Grimaldi quadrangle has  been com- 

p l e t e d  by J ,  F .  McCauley? This mapping e s t a b l i s h e s  t h e  s t r a t i g r a p h i c  r e l a t i o n -  

s h i p s  between t h e  r e g i o n a l  ma te r i a l s  surrounding t h e  Mare O r i e n t a l e  and Mare 

Humorum b a s i n s .  North of t h e  c r a t e r  Fontana, smooth t e x t u r e d ,  h igh  a lbedo  

mater ia l  of t h e  C o r d i l l e r a  Group ( a s soc ia t ed  wi th  t h e  O r i e n t a l e  bas in )  

o v e r l i e s  da rke r ,  rougher t ex tu red  material of t h e  Humorum Group, which 

c l e a r l y  i s  younger than t h e  Humorum b a s i n .  

Very  dark  mare m a t e r i a l  i s  ex tens ive  wi th in  the  area.  Th i s  material 

i s  c h a r a c t e r i z e d  by a low s p a t i a l  dens i ty  of c r a t e r s  and a gene ra l  l ack  

of superimposed rays ,  sugges t ing  t h a t  i t  may be younger than  t h e  m a r e  

mater ia l  t y p i c a l  of t h e  Procellarum Group. 

T r a j e c t o r i e s  of ob_ 'ects  producing Copernicus ray  ma te r i a l  on t h e  

c r a t e r  Era tos thenes  have been s tud ied  by M .  H .  Carr. In  t h e  r eg ion  of 

Era tos thenes ,  areas lacking  Copernicus ray  mater ia l  are p r i n c i p a l l y  on 

s l o p e s  f a c i n g  away from Copernicus Assuming t h e  absence of r ay  material 

i n  t h e s e  areas i s  due mainly t o  tapographic s h i e l d i n g ,  t r a j e c t o r i e s  may be 

computed f o r  o b j e c t s  e j e c t e d  from Copernicus t o  produce secondary craters  

and rays  i n  Era tos thenes  Mean values of 7 degrees  f o r  t h e  e j e c t i o n  a n g l e  

and 1.1 km/sec. f o r  t h e  e j e c t i o n  v e l o c i t y  a re  found. 

A p o s s i b l e  vo lcan ic  complex n e a r  t h e  Harbinger Mountains of t h e  Moon 

has  been i n v e s t i g a t e d  by H .  J .  Moore.  Abundant h i l l s ,  c r a t e r s  and rimae 
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( r i l l es )  a r e  present  j u s t  w e s t  o f  the Harbinger Mountains. The c l o s e  

a s s o c i a t i o n  of t h e  c r a t e r s  and rimae suggest  t h a t  t h e  area i s  a volcanic  

complex. These lunar  c r a t e r s  resemble t e r r e s t r i a l  maars and rampart c r a t e r s ,  

and one is l i k e - a  caldera. Lunar craters  t h a t  are s i m i l a r  t o  maars and 

rampart craters are l a r g e r  than t h e i r  suggested terrestrial  coun te rpa r t s .  

Some of t h e  s inuous rimae a r e  crater cha ins ;  n o t  a l l  s inuous r i m a e  

can be t h e  r e s u l t  of e ros ion  by nu6es a rden te s  as suggested by o t h e r  

workers .  

The h i s t o r y  of t he  temperature regime around the  c r a t e r  Timocharis 

w a s  computed by M a  H .  Carr, assuming an impact o r i g i n  f o r  t h e  crater and 

shock equat ions  of s t a t e  s i m i l a r  t o  b a s a l t  f o r  t h e  t a r g e t  and p r o j e c t i l e .  

For  impact v e l o c i t i e s  g r e a t e r  than 8 km/sec, temperatures  s u f f i c i e n t l y  

h igh  f o r  mel t ing  extend a d i s t ance  of 6 krn below the  crater .  A t  lower 

impact v e l o c i t i e s ,  mel t ing  temperatures are n o t  reached.  The t r a n s i e n t  

h igh  temperature  source  a t  the sur face ,  immediately a f t e r  impact, has  an  

i n s u l a t i n g  e f f e c t  so  t h a t  lunar  i n t e r n a l  h e a t  cannot escape t o  t h e  s u r f a c e .  

This  causes e l e v a t i o n  of temperature a t  depths f a r  below t h e  impact-induced 

temperature  anomaly. Lowering of t h e  thermal  conduct iv i ty  nea r  t h e  s u r f a c e  

by impact b recc ia t ion  w i l l  a l s o  have an i n s u l a t i n g  e f f e c t .  The temperature  

r ise a t  depth may be g r e a t  enough t o  produce mel t ing  and volcanism long 

a f t e r  t h e  impact event .  

In f r a red  emission from the  i l lumina ted  Moon i s  being i n v e s t i g a t e d  by 

Kenneth Watson. P e t t i t  and Nicholson observed t h a t  t h e  i n f r a r e d  emission 

of t h e  Moon near  zero phase angle  a t  t h e  limb along t h e  luna r  equator  

exceeds t h e  emission t o  be expected from a Lambert e m i t t e r .  P e t t i t  and 
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Nicholson suggested t h a t  t h i s  excess emission a t  t h e  limb i s  due e n t i r e l y  

t o  t h e  f a c t  t h a t  a t  f u l l  Moon no shadows are seen and only  i l l umina ted  

s u r f a c e s  c o n t r i b u t e  t o  t h e  emission. Th i s  can n o t  be v a l i d  a t  t h e  s c a l e  

of  l una r  mountains and v a l l e y s ,  however The average s l o p e s  a t  t h i s  s c a l e  

a r e  much t o o  low t o  produce apprec iab le  d e p a r t u r e  from Lambert emission 

i n  t h e  i n f r a r e d .  On t h e  o the r  hand, r e r a d i a t i o n  between s u r f a c e s  on a 

s c a l e  less t han  a few cent imeters  tends t o  produce uniform emission t h a t  

fo l lows  t h e  Lambert l a w .  

Computations of t h e  v a r i a t i o n  of t h e  t o t a l  v i s i b l e  r e f l e c t i v i t y  a s  

a f u n c t i o n  of ang le  of inc idence ,  f o r  Hapke's " f a i r y  c a s t l e "  model, show 

a Lambert e m i t t e r  would lead to  l e s s  emission i n  t h e  i n f r a r e d  a t  t h e  limb 

than  i s  adequate t o  r e s u l t  i n  i n f r a r e d  limb darkening. The observed excess 

emission of t h e  limb may be caused by e i t h e r  (1) roughness on a s c a l e  

between a cen t ime te r  and meter and (2) non-Lambert emission from i n d i v i d u a l  

s u r f a c e  e lements .  I n  the f i r s t  case, roughness may poss ib ly  be r e l a t e d  t o  

t h e  h igh  s p a t i a l  d e n s i t y  of secondary c r a t e r s  on t h e  luna r  s u r f a c e  

E x i s t i n g  h igh  speed photographic systems employed i n  lunar  photographic 

photometry have, f o r  t h e  most pa r t ,  contained l a r g e  inhe ren t  e r r o r s .  These 

e r r o r s  can be t r a c e d  t o  (1) s h u t t e r s  wi th  v a r i a b l e  speeds and ( 2 )  process ing  

systems which employ nonuniform a g i t a t i o n  of developing s o l u t i o n s .  H .  Pohn 

has  designed a h igh  speed photometric camera which l a r g e l y  overcomes s h u t t e r  

e r r o r s  by u t i l i z a t i o n  of ad jus t ab le  s l i ts  which a re  pu l l ed  a long  mated 

t e f l o n  ways. Th i s  system i s  coupled w i t h  a p l a t e  process ing  system which 

holds  the  i n t e r n a l  v a r i a t i o n s  i n  p l a t e  response t o  about 3% of mean p l a t e  

d e n s i t y .  A camera employing t h e  new des ign  f e a t u r e s  w i l l  be  used on t h e  
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Geologica l  Survey ' s  30-inch te lescope  t o  ob ta in  photographs f o r  a photo- 

e l e c t r i c a l l y  c a l i b r a t e d  photographic a t l a s  of t h e  Moon. 

S .  R .  T i t  l ey  d i scusses  t h e  s t r a t i g r a p h i c  and s t r u c t u r a l  r e l a t i o n s h i p s  

i n  t h e  P i t a t u s  quadrangle and ad jacent  p a r t s  of t h e  Moon, Pre l iminary  

geo log ic  mapping has d i sc losed  a complex sequence of even t s  i n  t h i s  reg ion  

t h a t  i nc lude  bas in  formation, r eg iona l  depos i t i on ,  and t e c t o n i c  a c t i v i t y .  

C e r t a i n  c r i t i c a l  s t r u c t u r a l  and s t r a t i g r a p h i c  r e l a t i o n s h i p s  have been ob- 

served  and t e n t a t i v e  i n t e r p r e t a t i o n s  can be made concerning r e l a t i v e  ages 

of t h e  Mare Humorum, Mare Nubium, and Mare Imbrium b a s i n s .  E j e c t a ( ? )  from 

t h e  Mare Humorum bas in  makes up m o s t  of t h e  o ld  upland exposures around 

t h e  w e s t  edge of Mare Nubium and, i n  t h e  northwest p a r t  of t h e  quadrangle,  

may u n d e r l i e  t h e  F ra  Mauro Formation, which is  e j e c t a  from t h e  Mare lmbrium 

b a s i n .  S t r u c t u r a l  r e l a t i o n s h i p s  on t h e  w e s t  edge of t h e  quadrangle sugges t  

t h a t  t h e  c i r c u m f e r e n t i a l  s t r u c t u r e s  about Mare Humorum are  o l d e r  than  

those  about Mare Nubium. 

S .  R .  T i t l e y  and R .  E .  Eggleton d e s c r i b e  an ex tens ive  hummocky d e p o s i t  

around t h e  Mare Humorum bas in .  This  m a t e r i a l ,  which is uniform i n  i t s  

subdued topographic c h a r a c t e r i s t i c s  and normal albedo, i s  d i s t r i b u t e d  

about Mare Humorum. It occurs now as i s o l a t e d  patches and tongues, bu t  

it i s  be l ieved  a t  one t i m e  t o  have surrounded Mare Humorum as a n e a r l y  

continuous b l anke t .  I n  many r e spec t s  i t  i s  s i m i l a r  t o  hummocky F ra  Mauro 

Formation. The hummocky mater ia l  about Mare Humorum has  an e x t e n t  and 

d i s t i b u t i o n  t h a t  i s  comparable with t h e  e x t e n t  and d i s t r i b u t i o n  of t h e  

F r a  Mauro Formation when t h e  r e l a t i v e  sizes of t h e  Hurnorum and Imbrium bas ins  

a r e  cons idered .  The m a t e r i a l  has a l l  t h e  c h a r a c t e r i s t i c s  of an e x t e n s i v e  

e j e c t a  b lanket  and appears t o  be der ived  from the  Mare Humorum b a s i n .  
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D.  E Wilhelms has i n i t i a t e d  a program of luna r  po lar imet ry  wi th  a 

Lyot v i s u a l  po lar imeter  mounted on t h e  12-inch r e f r a c t o r  of Lick Observatory.  

Pre l iminary  r e s u l t s  i n d i c a t e  t h a t  p o l a r i z a t i o n  of areas on t h e  lunar  s u r -  

f a c e  8 ki lometers  i n  diameter can be measured under condi t ions  of good 

s e e i n g  wi th  these  ins t ruments .  

Harold Masursky r e p o r t s  on the  i s o s t a t i c  rebound o f  l una r  c r a t e r s  and 

a r e i n t e r p r e t a t i o n  of Ptolemaeus. The rebound of luna r  c r a t e r s  of a 

s i m i l a r  s i z e  t o  Ptolemaeus ind ica t e s  t h a t  t h e  cover on t h e  f l o o r  of t h e  

c r a t e r  may be very  t h i n ,  t h a t  i s ,  only t h i c k  enough t o  have bur ied  t h e  

c e n t r a l  peaks. The remainder of t h e  i n i t i a l  crater  has  been o b l i t e r a t e d  

by r e sp r ing ing  of t h e  crater  f l o o r .  
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Summary of P a r t  B 

I P.  S .  DeCarli  and D .  J, Milton have separa ted  small amounts of 

s t i s h o v i t e  from explos ive ly  shocked sandstones,  novacu l i t e ,  and s i n g l e  

c r y s t a l  qua r t z .  Estimated peak pressures  f o r  t he  syntheses  ranged from 

150 t o  280 k i l o b a r s  and shock temperatures from 150 t o  300°C. Coes i t e  

w a s  n o t  de t ec t ed  i n  any of t h e  samples. This  sugges ts  t h a t  q u a r t z  can 

i n v e r t  dur ing  shock t o  a short-range-order phase w i t h  s i x f o l d  coord ina t ion ,  

a small p a r t  of which may develop the  long-range o rde r  of s t i s h o v i t e .  

During the  more p ro t r ac t ed  decay of t h e  pressure  pu l se  through t h e  s t a b i -  

l i t y  f i e l d  of c o e s i t e  accompanying me teo r i t e  c r a t e r  formation,  a p a r t  of 

t h e  short-range-order  phase may inve r t  t o  c o e s i t e .  

M. B. Duke inves t iga t ed  na tu ra l  p l ag ioc la se  g l a s s  from t h e  Sher- 

49 ” g o t t y  me teo r i t e  and found i t s  average composition t o  be about An 

I t s  d e n s i t y  i s  variable w i t h i n  a range near  2.57  g/cc  . 
index ranges from 1.539 t o  1.554 and i s  d i s t i n c t l y  higher  t han  t h e  i n d i c e s  

of s y n t h e t i c  p l ag ioc la se  g l a s s  i n  t h e  same composi t ional  range. Experi-  

ments show t h a t  t h e  r e f r a c t i v e  index can  be markedly reduced by hea t ing  

f o r  a few minutes a t  temperatures a s  low as 450°C. These d a t a  put l i m i t s  

on t h e  thermal h i s t o r y  of t h e  meteor i te  fol lowing the  formation of t he  

p l ag ioc la se  g l a s s  

The r e f r a c t i v e  

M. H. Car r  measured shock pressures  and shock wave speeds i n  va r ious  

specimens by means of a s t r a i n  gage technique.  The Hugoniot curve of 

Coconino Sandstone was determined f o r  pressures  ranging from 0 t o  150 

k i l o b a r s .  For t h i s  pressure  range t h e  shock wave speeds ranged from 3.0 
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to 4.0 km/sec. For similar shock energies in Moenkopi Sandstone, an 

elastic precursor with a speed of 3.1 km/sec and a shock wave with speeds 

ranging from 2.5 to 2 .9  km/sec are generated, 

P. Signer compared the argon contacts of unshocked and strongly 

shocked granites from the Ries crater, Germany, and found that the shocked 

sample contains far less radiogenic argon than the unshocked one. New 

amorphous phases formed by shock absorb much greater quantities of atmos- 

pheric argon than their parent crystalline phases, 

E. C. T. Chao has described selective shock transformations of miner- 

als in rocks from known and probable meteorite craters, and has shown that 

their special characteristics may be used as evidence of meteorite impact ~ 

The transformations are of two distinct types: (1) from a crystalline 

phase of complex chemical composition to glass of the same composition 

and (2) from a crystalline phase of simple chemical composition to its 

high pressure and high density polymorph, 

of the first type, formed at high pressure and probably low temperatures, 

are observed in impact metamorphosed sandstones from the Henbury craters 

of Australia and in biotite granites, gneisses, and schists in suevite 

from the Ries crater, Transformations from a low density to a high 

density polymorph, such as from quartz to coesite or stishovite, occurred 

in impact metamorphosed sandstones of Meteor Crater, Arizona, and the 

Wabar crater, Saudi Arabia; in the biotite granite gneisses of the Ries 

crater; and in metamorphic rocks of the Lake Bosumtwi crater, Ghana. 

Mineral phase transformations 

A study by H, J. Moore, R. Kachadoorian and H. C. Wilshire of craters 

produced by the impact of missiles extends our knowledge of experimental 
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impact craters  t o  those produced by p r o j e c t i l e s  w i t h  l a rge  k i n e t i c  ene rg ie s  

( 2 . 3  x l O I 5  e r g s ) .  

t i o n  by p r o j e c t i l e  impact i s  n e a r l y t h e  same as  t h e  amount of m a t e r i a l  

d i sp l aced  dur ing  c r a t e r  formation by chemical explos ives  wi th  s m a l l  s ca l ed  

depths  of b u r i a l  when the  k i n e t i c  energy of t h e  p r o j e c t i l e  ( co r rec t ed  f o r  

t h e  ang le  of impact) i s  equal  t o  the equ iva len t  energy of TNT of t h e  

chemical explos ive  

The amount of ma te r i a l  d i sp l aced  during c r a t e r  forma- 

H. J. Moore, D ,  E ,  Gau l t ,  E .  D. Hei towi t ,  and R, V, Lugn have i n v e s t i -  

ga ted  c r a t e r s  produced by hyperveloci ty  impacts i n  porous cohesive t a r g e t s ,  

The c r a t e r s  show a d i s t i n c t  change i n  shape w i t h  t h e  p o r o s i t y  of t h e  

t a r g e t .  Depth-to-diameter r a t i o s  increase  from 1 t o  5 f o r  non-porous 

t a r g e t s  such as b a s a l t  t o  about 1 t o  1 f o r  porous t a r g e t s  such a s  pumice, 

The e j e c t a  from craters i n  a l l  t a r g e t  types  are composed c h i e f l y  of 

undeformed rock fragments .  E jec t a  from c r a t e r s  i n  b a s a l t  have abundant,  

l a rge  fragments,  whereas e j e c t a  from weakly-bonded sand t a r g e t s  a r e  com- 

posed c h i e f l y  of g ra ins  w i t h  the same s i z e  as t h e  t a r g e t  sand. The e j e c t a  

from pumice have l a rge  amounts of fragments near  t h e  s i z e  of t h e  c e l l  

w a l l s  between t h e  v e s i c l e s ,  S ign i f i can t  p a r t s  of t h e  e j e c t a  from c r a t e r s  

i n  pumice are composed of complex aggregates  of crushed pumice and g l a s s  

f i b e r s ,  The aggrega tes  resemble volcanic  a s h ,  

C r a t e r s  i n  weakly-bonded sand t a r g e t s  are l a r g e r  than  craters  i n  

b a s a l t ,  C r a t e r s  i n  pumice a r e  smaller  than  those  i n  weakly-bonded sand 

and b a s a l t .  I n  a d d i t i o n ,  c r a t e r s  i n  f ine -g ra ined ,  weakly-bonded sand 

t a r g e t s  are smal le r  than  those i n  coarse-gra ined  sand t a r g e t s .  Appl ica t ion  

of a d e f e c t  t heo ry  of s t r e n g t h  reduces t h e  s c a t t e r  of t h e  d a t a  between 
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sandstone and weakly-bonded sand t a r g e t s .  

F i n a l l y ,  it i s  shown t h a t  t h e  shapes and e j e c t a  of recent  small  lunar  

craters may be used t o  recognize cohesion of lunar  su r face  m a t e r i a l s ,  It 

i s  pos tu l a t ed  t h a t  t h e  uppermost par t  of t h e  lunar  su r face  could be com- 

posed of a material  s i m i l a r  t o  volcanic  a s h  which r e s u l t e d  from micro- 

meteoroid bombardment, 

R.. M, Batson has completed a prel iminary 1:b,600 s c a l e  topographic 

map of Meteor Crater by photogrammetric methods, 

the  crater has been undertaken t o  provide a s u i t a b l e  base f o r  t h e  d e t a i l e d  

geologic  maps e 

Larger s c a l e  mapping of 

D. J. Milton and F .  C ,  Michel mapped t h e  only  t e r r e s t r i a l  c r a t e r  

known t o  have a s soc ia t ed  r ays  of e j e c t a  similar t o  those  around lunar  

craters. Crater No. 3 of t h e  Henbury c r a t e r  f i e l d ,  Northern T e r r i t o r y ,  

A u s t r a l i a ,  i s  a roughly c i r c u l a r  c r a t e r  about 200 f e e t  i n  diameter  w i th  

15 f e e t  r e l i e f  from f l o o r  t o  r i m  c r e s t ,  and 5 f e e t  from t h e  surrounding 

s u r f a c e  t o  t h e  c r e s t ,  It i s  formed i n  a l t e r n a t i n g  beds of well-cemented 

sandstone and weak s h a l e  dipping about 35", o v e r l a i n  by a v a r i a b l e  t h i c k -  

ness  of pediment g rave l .  Beds s t r i k i n g  i n t o  the  w a l l s  of t h e  c r a t e r  are 

deformed, predominantly by folding about approximately v e r t i c a l  axes ,  

Fragments from t h e  s e v e r a l  u n i t s  i n  t h e  bedrock occur i n  separate areas 

i n  t h e  throwout around the  c r a t e r .  Some of t hese  a r e a s  are  e longa te  and 

approximately r a d i a l  t o  t h e  c r a t e r ,  resembling t h e  r ays  around lunar  

c r a t e r s ,  I n  genera l  t h e  d i s t a n c e  t o  which fragments were thrown out  i s  

i n v e r s e l y  p ropor t iona l  t o  the  d is tance  of t h e  poin t  of o r i g i n  from t h e  

c e n t e r  of t he  c r a t e r ,  E jec ta  from two of t he  beds form loops t h a t  are 
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connected a t  e i t h e r  end t o  theoutcrop  of the  bed i n  t h e  c r a t e r  w a l l  and 

are symmetrical  about  a r a d i a l  l i ne  from the  cen te r  of t h e  c r a t e r  a t  

r i g h t  angles  t o  t h e  s t r i k e  of t he  bedrock- The l a r g e r  loop extends over 

200 f e e t  from t h e  c r a t e r .  It i s  much smaller and a l s o  narrower i n  propor- 

t i o n  t o  i t s  r a d i a l  e x t e n t  from the  c r a t e r  t han  would be expected f o r  a 

r a y  loop developed i n  accordance with a model of c r a t e r  b a l l i s t i c s  based 

on a uniform d e n s i t y  of energy wi th in  t h e  shock f r o n t .  The e f f e c t i v e  

energy d e n s i t y  decreased a s  a func t ion  of t h e  r ad ius  of t h e  shock f r o n t  

a t  a g r e a t e r  r a t e  than  by a simple shock propagat ion model, probably be- 

cause t h e  f i n i t e  s t r e n g t h  of t h e  bedrock i s  n o t  considered i n  such a 

mode 1 

New d a t a  on several c r i t i ca l  problems have been der ived  from r e c e n t  

f i e l d  s t u d i e s  of t h e  sou theas t e rn  r i m  of t he  Flynn Creek s t r u c t u r e  by 

D ,  J D  Roddy. The southeas te rn  rim c o n s i s t s  of a s t r u c t u r a l l y  complex 

sequence of Upper Ordovician rocks,  and conta ins  what appears  t o  be a 

p a r t  of t he  ground su r face  t h a t  ex i s t ed  immediately be fo re  t h e  deforma- 

t i o n .  A l a rge  mass of brecc ia  covers t h e  o r i g i n a l  ground su r face  and i s  

preserved i n  a down-faulted block. F i e l d  and l abora to ry  s t u d i e s  of t h e  

rocks  underlying t h i s  su r f ace  s t rong ly  suggest  t h a t  t hey  are Upper 

Ordovician i n  age and can probably be ass igned  t o  t h e  Richmond Group, 

Ca lcu la t ions  of t h e  s t r a t i g r a p h i c  th i cknesses  i n  t h e  sou theas t e rn  

r i m  suggest  t h a t  no t  more than 60 meters of s t r a t a  have been removed by 

e ros ion  a f t e r  t h e  s t r u c t u r e  w a s  formed and be fo re  la ter  sediments w e r e  

depos i t ed .  The maximum age of the Flynn Creek s t r u c t u r e  i s  t h e r e f o r e  

Late  Ordovician,  The minimum age i s  e a r l y  Late Devonian, 
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The pre-deformation lithostatic pressures have been calculated for 

different stratigraphic levels on the basis of the pre-deformation ground 

level; certain comparisons in possible mechanics of deformation by high 

gas pressures and by meteorite impact can then be made. 

A preliminary search did not reveal the presence of the high pressure 

silica polymorphs coesite and stishovite that have been found in some 

known meteorite impact structures. Geophysical studies by S .  Biehler and 

D. J. Roddy indicate that there is no large magnetic anomaly associated 

with the structure, such as might be expected if an igneous plug were 

present below the structure. 
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Summary for Part C 

Studies in cosmic chemistry and petrology presented in this Annual 

Report include (1) geological distribution and physical and chemical 

properties of tektites, (2) investigations of microanalytical techniques 

for analyzing milligram and sub-milligram quantities of tektites, 

meteorites and, eventually, returned lunar samples, and (3) petrology 

and chemistry of meteorites e 

A moldavite from Slavice, Czechoslovakia,was found by E. C. 'I" Chao 

to show indirect evidence of aerodynamic heating and ablation. No direct 

or indirect evidence for heating or ablation of moldavites had previously 

been recognized. The indirect evidence consists of the keel left by 

spallation of the heated and strained glass of the leading surface of 

a teardrop-shaped tektite. The moldavite's keel is identical to those 

of australite indicators (partially spalled tektites). For moldavites, 

this is the first evidence bearing on their probable entry velocity into 

the Earth's atmosphere, which must have been greater than about 5 km/sec 

in order to cause ablation. 

Field geologic studies of Australasian tektite occurrences by 

E. C. T, Chao indicate that they are younger than middle Pleistocene 

in age, but more accurate age determinations can not be made with present 

geologic data. 

indicate ages on the order of 700,000 years for the Australasian tektites. 

The tektites are found primarily in laterite soils, where transportation 

of the tektites probably has been minimal, and in gravel deposits, where 

The geologic ages are consistent with K/Ar data which 
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re-working and transportation of tektites has probably occurred. The 

maximum number of tektites in the Australasian strewnfield is estimated 

to be about 2 x 1013 on the basis of the areal density of tektites in 

places where re-working is improbable. From estimates of the number of 

tektites concentrated by fluvial transportation in the Manila Bay area 

of the Philippine Islands, the minimum number of tektites is estimated 

to be about 4 x 10 for the entire strewnfield. No terrestrial impact 

crater capable of producing the Australasian tektites has been discovered, 

New chemical analyses for major elements in Australasian tektites 

9 

reported by F. Cuttitta, M. K. Carron, and E. C. T. Chao, show consider- 

able overlapping of silica contents of indochinites, philippinites, 

javanites and australites. The analyses show gross similarities of chemi- 

cal composition, particularly for the alkalis, for all the Australasian 

tektitesyand FeO varies inversely with respect to Si02 in each tektite 

group. The chemical similarities are consistent with a single origin 

for the Australasian tektites 

The detailed analyses show systematic differences between the philip- 

pinite-australite and indochinite-javanite groups of tektites. The philip- 

pinite-australite group is marked by CaO greater than MgO and an inverse 

relation of A1 0 with silica content, whereas the indochinite-javanite 

group has less CaO than MgO and no apparent relationship between A1203 

and Si02. 

of philippinites and australites are distinctly higher than in indo- 

chinites and javanites. More tektite analyses are underway to attempt 

to define patterns of regional compositional variations of Australasian 

2 3  

Minor element data showed that the Coy Cry and Ni contents 
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tektites, which could provide useful data concerning the lunar or terres- 

trial origin of tektites 

C Annell has obtained emission spectrographic analyses for Al, ea, 

Fe, Mg, and Ti by the rotating disc-high voltage spark and the gas control- 

led arc methods with solutions for samples weighing 1-2 mg, The two 

different solution methods give similar precision and accuracy but the 

rotating disc method is 3 to 5 times mors sensitive and has wider appli- 

cation to the study of small quantities of silicate minerals, 

Working curves for the spectrographic determination of Na znd K by 

the totating disc-high voltage spark method also have been obtained by 

Annell, As little as 0,l percsnt Ya and 0 3 percent K now can be de- 

termined in silicate samples weighing l to 2 mg, 

Preliminary applications of the laser microprobe for emission 

spectrographic analysis and neutron activation analysis of spherules from 

Philippine tektites by F. Cuttitta, E C.. T u  Chao, and C. Annell indicate 

the presence of siderophile and chalcophils elements such as Bo, A s ,  and 

Ir These minor elements are generally much mor2 abundant in iron 

meteorites than in most silica-rich rocks The qualitative neutron acti- 

vation analysis, which is the first step in a program of quantitative 

activation analysis, glves further indication of the meteoritic origin 

of metallic spherules in tektites. 

D, B, Tatlock compared 55 older analyses of Australasian tektites 

with 110 modern precisslv monitored analyses and found that more than 

half of the older alkali and titania determinations are decidedly in- 

accurate and misleading, Deviations of the older analyses from the 
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r e s t r i c t e d  va lues  of t h e  modern analyses  are comparable t o  t h e  imprecis ions 

shown by e a r l y  ana lyses  of G - 1  g r a n i t e  and W - 1  d iabase .  

t h a t  a h igh  percentage of o lder  a l k a l i  and t i t a n i a  ana lyses ,  such a s  those  

This  sugges ts  

of Washington's t a b l e s ,  are of quest ionable  q u a l i t y .  

A minera l  t h a t  luminesces r e d  under W i r r a d i a t i o n  i n  t h e  Norton 

County e n s t a t i t e  achondr i te  meteor i te  has  been i d e n t i f i e d  as f o r s t e r i t e  

by M. B. Duke and B. A .  Tryba. Low abundance of f o r s t e r i t e  i n  the  meteor- 

i t e  means t h a t  t h e  luminescent e f f i c i e n c y  of t h e  t o t a l  me teo r i t e  i s  ve ry  

l o w .  This  appears  t o  e l imina te  UV-excited e n s t a t i t e  achondr i te  material 

as a poss ib l e  lunar  red  f luo rescen t  m a t e r i a l .  E lec t ron-exc i ted  lumin- 

escence of s y n t h e t i c  d iops ide  shows the  major r o l e  played by minor element 

con ten t s  of t h e  mineral .  

d iops ide ,  r e d ;  T i  - d iops ide ,  orange; and N i  - d iops ide ,  green.  

Pure diopside luminesces b lue ;  Mn - bea r ing  
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